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Resonant ultrasound spectroscopy and magnetic susceptibility experiments have been used to characterize
strain coupling phenomena associated with structural and magnetic properties of the shape-memory Heusler
alloy series Ni50+xMn25−xGa25 (x = 0, 2.5, 5.0, and 7.5). All samples exhibit a martensitic transformation at
temperature TM and ferromagnetic ordering at temperature TC, while the pure end member (x= 0) also has a pre-
martensitic transition at TPM, giving four different scenarios: TC > TPM > TM, TC > TM without premartensitic
transition, TC ≈ TM , and TC < TM . Fundamental differences in elastic properties i.e., stiffening versus softening,
are explained in terms of coupling of shear strains with three discrete order parameters relating to magnetic
ordering, a soft mode and the electronic instability responsible for the large strains typical of martensitic tran-
sitions. Linear-quadratic or biquadratic coupling between these order parameters, either directly or indirectly
via the common strains, is then used to explain the stabilities of the different structures. Acoustic losses are
attributed to critical slowing down at the premartensite transition, to the mobility of interphases between coex-
isting phases at the martensitic transition and to mobility of some aspect of the twin walls under applied stress
down to the lowest temperatures at which measurements were made.
I. INTRODUCTION
Ni-Mn-Ga alloys that undergo a martensitic transformation,
exhibit a shape-memory effect, specifically, a magnetic field
induced structural reorientation. Large deformation values up
to 12% in low magnetic fields have been reported.1 Shape-
memorymaterials, more generally, can be used in applications
including as actuators and sensors or for energy harvesting.2
Additionally, the materials of this family can exhibit a gi-
ant magnetocaloric effect.3 The study of the lattice dynam-
ics which underpin the martensitic transformations and their
characteristic strain behavior is important for a deeper under-
standing of the physical mechanisms behind the multifunc-
tional properties of these materials. Resonant ultrasound spec-
troscopy (RUS) gives information on the coupling of the order
parameter with strain but also on relaxation phenomena.4 Pre-
vious studies with RUS, or similar techniques, on different
Ni-Mn-Ga samples have focused on the premartensitic transi-
tion, the damping properties and the determination of the elas-
tic constants of the alloys.5–11 RUS experiments in magnetic
field have been used to evaluate magneto-elastic properties
in Ni2MnGa.
12–14 Nevertheless, a combined systematic RUS
and magnetic susceptibility study investigating the magneto-
structural properties at the ferromagnetic, martensitic and pre-
martensitic transitions is still missing.
In this work, we have studied polycrystalline
Ni50+xMn25−xGa25 Heusler alloys with x = 0, 2.5, 5.0,
and 7.5 using RUS and magnetic susceptibility measurements
to focus on the temperature range which includes the ferro-
magnetic and the martensitic phase transitions. The selected
concentrations belong to characteristically different groups
in the Ni50+xMn25−xGa25 phase diagram displayed in Fig.
1.7,15–20 The sample with x = 0 belongs to group I, in which
the ferromagnetic transition occurs at values of TC that are
substantially above the martensitic transition temperature
TM and in which there is an intermediate field of stability
for the premartensite structure, TC > TPM > TM . The sample
with x = 2.5 belongs to group II, in which TM is close to
room temperature, still below TC but without an intermediate
phase. The sample with x = 7.5 belongs to group IV, which
has TM > TC. The sample with x = 5.0 falls in group III, in
that TC is expected to be more or less coincident with TM.
We have observed fundamental differences in the behavior of
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FIG. 1. Schematic phase diagram for the Ni-rich end of the sys-
tem Ni50+xMn25−xGa25 (following Ref. 15–18). The boundary be-
tween stability fields of 5M/7M martensites and the nonmodulated,
I4/mmm structure has not yet been determined. Ferromagnetic struc-
tures become stable below the blue line (TC) and martensitic struc-
tures become stable below the red line (TM). The green line is TPM,
which marks the transition from the ferromagnetic austenite structure
to the premartensite 3M structure.
2the crystal lattice at the martensitic transition, i.e., stiffening
versus softening, determined by the presence or absence of a
premartensitic transition and the relation between the Curie
temperature and the martensitic-transformation temperature.
The elastic and anelastic anomalies reveal the form and
strength of coupling of strain with three separate order
parameters which combine to give the soft mode, martensitic
transition and ferromagnetic ordering observed in Heusler
alloys.
II. EXPERIMENTAL
The polycrystalline samples of Ni50+xMn25−xGa25, with
a nominal x = 0, 2.5, 5.0, and 7.5, were prepared by arc-
melting the stoichiometric amounts of the elements under ar-
gon atmosphere. The ingots were then enclosed in tantalum
ampules under argon atmosphere and, subsequently, sealed
in evacuated quartz ampules and homogenized at 1073 K
for 3 weeks. Afterwards they were quenched in cold wa-
ter. The high quality of the samples was confirmed by x-
ray powder diffraction. To ensure homogeneity and con-
firm the chemical composition, wavelength dispersive x-
ray analysis and light microscopy were used. The actual
compositions of the samples have been determined to be
Ni50Mn25.5Ga24.5, Ni52.5Mn23.25Ga24.25, Ni55Mn20.25Ga24.75
and Ni57.5Mn18.25Ga24.25 for the nominal concentrations x =
0, 2.5, 5.0, and 7.5, respectively. In the following we will
denote the samples by their nominal concentrations. Mag-
netization experiments were carried out in a magnetic prop-
erties measurement system (MPMS, Quantum Design). For
the RUS investigations, all samples were cut in the form of
approximately rectangular parallelepipeds with edge dimen-
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FIG. 2. Segments of RUS spectra for Ni50Mn25Ga25. The ordinate
is the amplitude of the RUS spectra in arbitrary units. Each spectrum
has been offset in proportion to the temperature at which it was col-
lected. Accordingly, the axis is labeled as temperature. Blue traces
are spectra collected during cooling and red traces are spectra col-
lected during heating.
sions between 1 and 4 mm. These had masses between 15.1
and 113.6mg. RUS data were obtained using two different
in-house built systems. In the high-temperature instrument,
the sample sits lightly between the tips of alumina rods which
protrude into a horizontal Netzsch 1600◦C resistance furnace.
The piezoelectric transducers are at the other end of the rods,
outside the furnace.21 In the low-temperature instrument the
sample sits directly between the transducers and is suspended
in an atmosphere of a few mbars of helium gas, within a
helium-flow cryostat.22 The spectra were collected in the fre-
quency range between 50 and 1200 kHz upon cooling fol-
lowed by heating in the low temperature instrument and vice
versa in the high-temperature instrument. At each set point a
period of 20 minutes was allowed for thermal equilibration be-
fore the spectrum was collected. The frequency f and width
at half maximum ∆ f of selected resonance peaks in the pri-
mary spectra were fit with an asymmetric Lorentzian func-
tion. In general, for a polycrystalline sample, f 2 of each peak
scales with some combination of the shear and bulk moduli
but, since the resonance modes involve predominantly shear-
ing motions, the temperature variation of f 2 effectively re-
flects that of the shear modulus. The inverse mechanical qual-
ity factor Q−1 = ∆ f/ f is a measure of acoustic attenuation.
III. RESULTS
Figure 2 presents segments of RUS spectra for
Ni50Mn25Ga25 (x = 0) in the low temperature range,
recorded during both cooling and heating. Ni50Mn25Ga25
orders ferromagnetically at TC = 380 K. On cooling it under-
goes a martensitic transformation at TM = 170 K, which has a
hysteresis of about 10 K. Additionally, this sample exhibits a
premartensitic transition at TPM = 246 K. The dependence of
the resonant peaks with temperature can be inferred from the
spectra. On cooling from the highest temperatures, a strong
shift of the peaks toward lower frequencies (elastic softening)
is observed as the temperature approaches the premartensitic
transition at TPM . Below this temperature, the peaks shift
toward higher frequencies (stiffening) until reaching the
martensitic transition at TM . A marked increase in the width
of the peaks and a decrease in the intensity is also evident
below TM . Above TM no thermal hysteresis is observed.
The temperature dependence of f 2 and of the magnetic
susceptibility M/H for Ni50+xMn25−xGa25 (x = 0, 2.5, 5.0,
and 7.5) are shown in Fig. 3. The f 2(T ) data have been
obtained by fitting different resonant peaks, which have been
combined by scaling to f ≈ 0.7, 0.18, 0.18, and 0.58 MHz at
room temperature for x = 0, 2.5, 5.0, and 7.5, respectively.
In general, well defined peaks have been chosen, in order
to be able to trace them in the whole temperature range.
Furthermore, peaks at different resonant frequencies have
been analyzed to confirm that the shear modulus is frequency
independent. Magnetic susceptibility curves were recorded at
200 Oe under cooling and heating protocols. In the following
we will discuss the experimental results in detail.
The magnetic susceptibility of Ni50Mn25Ga25 (x = 0), dis-
played in Fig. 3a, shows three pronounced anomalies. On
3cooling, the magnetic susceptibility shows an increase at TC =
380 K indicating the ferromagnetic ordering. The pronounced
drop in the magnetic susceptibility around TM = 170 K is the
result of the martensitic transition at which the crystal struc-
ture of the sample changes from cubic to an incommensu-
rate modulated structure.23 This first-order magneto-structural
transition has a hysteresis between cooling and heating cy-
cles (TA = 180 K) of around 10 K. Additionally, a dip at
TPM = 246 K is observedwhich corresponds to the premarten-
sitic transition.24–26 These transitions are reflected in the elas-
tic properties of the material. On cooling from high tempera-
tures, softening of the shear modulus is evident on approach-
ing TPM, with an increase in slope below TC. A strong dip in
f 2(T ) is present at TPM, as previously reported,
6,27 without
thermal hysteresis. Upon further cooling, a trend of stiffening
is observed, followed by a step-like softening of about 22% at
TM .
The dominant effect of Ni substitution on the Mn sites in
the Ni50+xMn25−xGa25 series is a shift of the martensitic tran-
sition toward higher temperatures and a shift of the ferro-
magnetic transition toward lower temperatures.15 Thus, the
magnetic susceptibility in Ni52.5Mn22.5Ga25 (x= 2.5) displays
similar behavior to Ni50Mn25Ga25 (see Fig. 3b). The transi-
tions move closer together, with TC decreasing to 353 K and
TM increasing to 256 K, but the premartensitic transition is
no longer observed. The elastic properties still show a dip in
f 2(T ), but this is now located at TM,A. Softening is observed
as T → TM from above, with a slight increase in slope at TC.
This becomes significantly steeper within 10 K of TM (inset of
Fig. 3b) and reverts to strong stiffening below TM .
Upon further increasing the Ni content, the magnetic sus-
ceptibility curves change characteristically. The sample with
x = 5.0 displays only one transition in M(T )/H (Fig. 3c).
Upon cooling we find a step-like increase in M(T )/H at
325 K, indicating ferromagnetic ordering. At the same time a
hysteresis between heating and cooling cycles marks the first-
order character expected for the martensitic transformation.
We conclude that in Ni55Mn20Ga25 the ferromagnetic and
martensitic transitions occur at the same temperature TM ≈
TC = 325 K. i.e., a transition from a paramagnetic-austenitic
phase to a ferromagnetic-martensitic phase. The temperature
dependence of f 2 exhibits a different pattern than observed
for the previous samples with smaller x. Specifically, there is
no dip in f 2(T ) throughout the whole temperature range. On
cooling, a step-like stiffening of the lattice of about 77% is
detected at TM . The stiffening is preceded by weak softening
upon approaching TM from higher temperatures. We note that
the slight difference in the transition temperatures determined
from RUS and magnetization data might be accounted for by
the applied field in case of the latter.
In the sample with the highest Ni content of our investi-
gation, x = 7.5, the ferromagnetic transition occurs at TC =
345 K inside the martensitic phase, i.e. TC < TM,A (see Fig.
3d). The latter takes place at TM = 476 K (TA = 510 K) show-
ing up in f 2(T ) as a pronounced stiffening of the lattice of
about 145%. The observed hysteresis of 34 K is larger than
that observed in the samples with a smaller Ni concentration
(ranging from 6 to 12 K). Around TM,A we also observe a
0 50 100 150 200 250 300 350 400 450 500
3
4
5
6
7
8
0 50 100 150 200 250 300 350 400
1
2
3
4
5
6
7
200 240 280 320 360
1
2
3
4
300 350 400 450 500 550
0
1
2
3
4
TA
TPM
TM
f 2
 (x
10
11
H
z2
) 
T (K)
(a)
x=0.0
TC
0.00
0.02
0.04
0.06
0.08
M
/H
 (e
m
u/
g)
M
/H
 (e
m
u/
g)
M
/H
 (e
m
u/
g)
M
/H
 (e
m
u/
g)
f 2
 (x
10
10
H
z2
) 
T (K)
TCTM
x=2.5
(b)
-0.03
0.00
0.03
0.06
0.09
 
250 260 270
2
3
4
f 2
 (x
10
10
H
z2
) 
T (K)
0
10
20
M
 (e
m
u/
g)
TM
f 2
 (x
10
4  H
z2
) 
T (K)
x=5.0
(c)
0.00
0.01
0.02
0.03
0.04
T (K)
TM
0.00
0.02
0.04
0.06
0.08
f 2
 (x
10
5  H
z2
)
 
TC
H=200 Oe
TA
x=7.5
(d)
FIG. 3. Temperature dependence f 2 (left axis) and magnetic suscep-
tibility M/H (right axis) for the series Ni50+xMn25−xGa25 with (a)
x = 0, (b) 2.5, (c) 5.0, and (d) 7.5. Blue triangles (lines) indicate
data recorded on cooling and red circles (lines) on heating. Inset of
(b) and (d) show the martensitic transition in detail. Magnetization
measurements were performed at 200 Oe.
small change in paramagnetic susceptibility M(T )/H. This
reflects the reduction of the effective magnetic moments in
the martensitic compared with the austenitic phase.15,28 The
overall temperature dependence of f 2 is similar to that of
Ni55Mn20Ga25, i.e., slight softening above TM,A followed by a
step-like stiffening at the transition and weaker linear stiffen-
ing towards lower temperatures. There is no overt change in
trend of f 2 at TC.
The temperature dependences of the inverse mechanical
quality factor, Q−1, representing acoustic loss, are plotted for
all four samples in Fig. 4. The transitions detected previously
in M(T )/H and f 2(T ) displayed in Fig. 3 show correspond-
ing anomalies in Q−1(T ). Ni50Mn25Ga25 exhibits a peak in
Q−1(T ) at TPM = 246 K and step-like changes at TM and TA,
respectively. There is, perhaps, a slight bump in the data for
Q−1(T ) at TC but it is substantially smaller than the clear
peaks seen at lower temperatures. Ni52.5Mn22.5Ga25 (x = 2.5)
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FIG. 4. Temperature dependence of acoustic loss for the samples
Ni50+xMn25−xGa25 with (a) x = 0, (b) x = 2.5, (c) x = 5.0 and (d)
x = 7.5. Resonant peaks in the primary spectra remain broad and
weak at T < TM , in comparison with those at T > TM . Blue triangles
indicate data recorded on cooling and red circles on heating.
exhibits a well pronounced peak in the acoustic loss at TM,A.
A possible slight anomaly at TC is again very small in com-
parison. The acoustic loss remained higher at all temperatures
in the martensitic compared with the austenitic phase. Equiv-
alent data for x = 5.0 and 7.5 show a single steep increase in
acoustic loss at TM , to the extent that it was not possible to
measure peak widths at temperatures close to the transition
point. Peaks in spectra collected from the martensitic phase
then remained broad and weak.
IV. DISCUSSION
We note that all investigated samples exhibit a marten-
sitic transformation from a cubic high-temperature austenitic
phase to a low-symmetry martensitic phase and a ferromag-
netic transition. However, there are substantial differences be-
tween the two transitions in the different samples that lead to
distinct strain relaxation behavior. These differences are a re-
flection of the ways that three instabilities combine in Heusler
compoundsmore generally. In the following, we address such
differences from the perspective of how three discrete order
parameters couple with strain and with each other, starting
with an analysis of the fundamental constraints of symmetry.
A. Group theory
Changes in elastic properties associated with phase transi-
tions occur as a consequence of coupling of strain with the
driving order parameter(s). In dynamic measurements, addi-
tional anelastic effects are typically due to fluctuations related
to the order parameter(s) or of strain relaxation accompanying
the motion of defects such as ferroelastic twin walls.
In the case of Ni-Mn-Ga alloys, there are three order param-
eters to consider, with symmetry properties that are taken here
from a more comprehensive symmetry analysis of martensitic
transitions.29 The ferromagnetic transition can be treated, in
the simplest case, as having a single order parameter QM . The
martensitic transitions are more complicated because they in-
volve combinations of an electronic instability30,31 and a soft
mode.24,32,33 The order parameter for the electronic instabil-
ity has the symmetry properties of the zone centre irreducible
representation Γ+3 of parent space group Fm3¯m. By itself
this would give the nonmodulated (NM), tetragonal structure
which has space group I4/mmm (e.g. Ref. 34) and a single
order parameter QE . The order parameter for the soft mode
has symmetry properties related to points along the Σ line be-
tween Γ and N of the cubic Brillouin zone, i.e. along a 〈110〉∗
direction. In the simplest case, this can also be expressed us-
ing a single order parameter, QS, conforming to Σ2 symmetry,
though it has Γ+3 and Γ
+
5 as secondary irreducible representa-
tion.
If QS operates on its own, the resultant structure is the
incommensurate premartensite which is commonly referred
to as being the 3M structure. The commensurate equiva-
lent would have space group Pnnm.31,35 The 7M marten-
site structure of Ni50Mn25Ga25 arises as a consequence
of coupling between QE and QS. It has space group
Pnnm,31,36 though it has also been proposed that the long
repeat is incommensurate.23,35 A 5M structure can occur in
Ni50+xMn25−xGa25 when x is small (e.g. Refs. 16 and 18) and
the 5M and 7M structures have both been observed at x = 4.37
Their stability limits have not yet been fully established.
Order parameter combinations in structures which occur
during heating and cooling of the four Ni-Mn-Ga alloys used
in the present study can be set out on the basis of the schematic
phase diagram introduced in Fig. 1. The sequences of mag-
netic and structural states and of the order parameters are sum-
marized on Table I.
5B. Strain coupling
The form of elastic softening or stiffening associated with
each transition will depend on the form of coupling between
individual strains and the three driving order parameters, the
strength of coupling in each case and the thermodynamic char-
acter of the separate transitions. It has already been shown
that the elastic properties of Ni-Mn-Ga alloys measured at fre-
quencies of ∼ 1 Hz show distinct general patterns of elastic
softening/stiffening and acoustic loss, which reflect the dif-
ferent groups distinguished by their relative values of TC and
TM .
7,8 Our present RUS data in combination with data from
the literature allow the underlying causes of these to be set
out more explicitly.
Acoustic resonances of a small sample of typical metal or
ceramic are determined predominantly by shearing so that
f 2 for each resonance mode scales effectively with the shear
modulus. For a cubic crystal, this in turn depends on the single
crystal elastic constantsC44 andC11−C12. For the orthorhom-
bic crystals the shear modulus will depend on the related shear
elastic constants and will show the influence, in particular, of
changes in C66 due to coupling of the order parameters with
the shear strain e6 (see Appendix A for details), which arises
from irreducible representation Γ+5 , and in C11−C12 due to
coupling with the tetragonal shear strain et , which arises from
irreducible representation Γ+3 .
The ferromagnetic transition at about 370 K in group I and
II alloys (x = 0 and 2.5 in the present study), would be ex-
pected to give a break in crystallographic symmetry such that
the lattice geometry becomes tetragonal due to coupling of
the form λ etQ
2
M . This would be expected to give rise to a step
like softening at TC.
38 This is not observed, however, because
the coupling coefficient is sufficiently small that the crystals
remain metrically cubic.31 The observed slight softening must
arise from the next highest coupling terms λ e2t Q
2
M and λ e
2
4Q
2
M
which will give softening or stiffening (depending on the sign
of the coupling coefficient, λ ) proportional to Q2M .
Changes in the shear modulus, expressed as the difference
∆ f 2 between observed values of f 2 and a linear extrapolation
of their values from above TC, are shown in Fig. 5. On this ba-
TABLE I. Sequences of magnetic and structural states for the inves-
tigated samples of Ni50+xMn25−xGa25 upon cooling.
x magnetic order structure Q
0
para Fm3¯m QM = QS = QE = 0
ferro Fm3¯m QM 6= 0,QS = QE = 0
ferro 3M incommensurate QM 6= 0,QS 6= 0,QE = 0
ferro 7M Pnnm QM 6= 0,QS 6= 0,QE 6= 0
2.5
para Fm3¯m QM = QS = QE = 0
ferro Fm3¯m QM 6= 0,QS = 0,QE = 0
ferro 5M or 7M Pnnm QM 6= 0,QS 6= 0,QE 6= 0
5.0
para Fm3¯m QM = QS = QE = 0
ferro I4/mmm QM 6= 0,QS = 0,QE 6= 0
7.5
para Fm3¯m QM = QS = QE = 0
para I4/mmm QM = 0,QS = 0,QE 6= 0
ferro I4/mmm QM 6= 0,QS = 0,QE 6= 0
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FIG. 5. Variations of the change in f 2(T ), ∆ f 2(T ), with respect to
a linear baseline fit to data in Fig. 3 at T > TC for x = 0 and 2.5.
∆ f 2(T ) is expected to scale with the square of the ferromagnetic
order parameter but its magnitude clearly reduces with increasing x.
sis, the ferromagnetic transition is thermodynamically contin-
uous and, as in the case of Ni50Mn35In15,
4 the effect is small.
RUS measurements on a single crystal of Ni50Mn25Ga25 have
previously shown that a significant contribution to the soften-
ing comes from C11−C12,10,13,39,40 but the contribution from
C44 is not yet known. The magnitude of softening is less at
x = 2.5 than at x = 0 (see Fig. 5), suggesting that the coupling
coefficient for λ e2t Q
2
M reduces with increasing x. Similar soft-
ening would be expected in association with the ferromagnetic
transition in group IV alloys but there is no obvious deviation
in f 2 below TC = 345 K in data from the x = 7.5 sample (see
Fig. 3d), implying that the strain coupling coefficients become
negligibly small. An estimation of the magnitudes of symme-
try breaking shear strains can be found in the Appendix A.
C. Elastic softening and stiffening
QE and e1 − e2 have the symmetry properties of irre-
ducible representationΓ+3 so that bilinear coupling of the form
λ (e1− e2)QE is allowed. This gives rise to softening with
falling temperature of C11−C12 as the martensitic transition
is approached from above, typical of pseudoproper ferroelas-
tic behavior. Single crystal measurements on stoichiometric
Ni50Mn25Ga25 at temperatures above TPM have shown this
softening and, as expected because e6 transforms as Γ
+
5 to give
coupling of the form λ e6Q
2
E , no equivalent softening was seen
in C44.
14,41 The softening seen in f 2(T ) for all four samples
studied here arises fromC11−C12, therefore.
The transition from austenite to 3M premartensite inter-
venes before the transition driven by QE occurs. This is driven
by the Σ2 order parameter, QS, with which the strains from the
irreducible representations Γ+3 and Γ
+
5 couple as λ (e1−e2)Q2S
and λ e6Q
2
S. No latent heat or structural discontinuity which
would imply first order character for the transition has been
6yet observed,32,42,43 and the heat capacity anomaly reported
in Ref. 43 for a crystal with nearly stoichiometric compo-
sition (x = 0) has a step at TPM consistent with the transi-
tion being second order. A small hysteresis has been re-
ported in magnetic susceptibility and dynamical mechanical
analysis (DMA) data for samples of Ni50+xMn25−xGa25 with
0≤ x≤ 2,27 but is probably accounted for by the effect of ap-
plied magnetic and stress fields. The transition is thus second
order and improper ferroelastic, which is expected to give a
stepwise softening of both C11−C12 andC66.38
Essentially this pattern is seen in C11 − C12 and C44
from pulse-echo ultrasonic data for single crystals of
Ni50Mn25Ga25.
41,43–45 The frequency of the measurements
was not always specified but is assumed to be around 10MHz.
More generally, the elastic anomaly at TPM observed in mea-
surements made at ∼ 1 Hz7 and 105− 106 Hz, this study and
Refs. 5, 6, and 40, has steep softening in a temperature interval
of up to 10 K above the transition point followed by non-linear
recovery below it. The precursor softening is typical of or-
der parameter fluctuations ahead of improper ferroelastic and
co-elastic transitions.46,47 C11−C12 recovers to higher values
than attained above TPM, which is presumably a consequence
of some contribution of bilinear coupling of e1− e2 with the
Γ+3 order parameter, once the cubic symmetry has been bro-
ken. The premartensite phase has a tweed microstructure,7,32
so that all these measurements are averages for crystals which
may be orthorhombic only on a local length scale.14
There is no group/subgroup relationship between the pre-
martensite structure and 5M/7M martensites. As a conse-
quence, there is no order parameter which relates one directly
to the other and the martensitic transition at small values of x
is necessarily first order. It is accompanied by a large increase
in shear strain and the development of abundant ferroelastic
twinning. The elastic anomalies are simply stepwise changes
with significant hysteresis and little or no precursor effects,5,6
which is also seen in our data, x = 0 and 2.5 (group I and II
compounds) presented in Figs. 3a and 3b. On the other hand,
the austenite – NM transition at larger values of x (group III
and IV alloys; x = 5.0 and 7.5 data shown in Figs. 3c and 3d)
is driven by the Γ+3 order parameter and is first order due to
the presence of third order terms in the Landau expansion for
excess free energy. Softening as TM is approached from above
(see Fig. 3) becomes a steep increase in the shear modulus
below TM,
8 as expected for pseudoproper ferroelastic charac-
ter (λ (e1− e2)QE , e6 = 0) when the transition is first order.38
The same pattern has been observed at the austenite – 5M/7M
transition in Ni50Mn35In15.
4
The premartensite and martensite transitions occur at about
the same temperature when x = 2.5 (TPM ≈ TM , see Fig. 1).
As a consequence, the variation of f 2(T ) displays aspects of
both, with the precursor softening due to the proximity to TPM
and the recovery below TM being that of the martensite.
D. Acoustic loss
The patterns of acoustic loss observed by RUS presented
in Fig. 4 for the four different Ni-Mn-Ga samples are closely
similar to those reported in the literature. In particular, tran-
sitions to the premartensitic 3M structure and to the NM
martensite structure are marked by a sharp peak in attenua-
tion associated with the shear modulus modes at the transi-
tion temperatures. The loss peak at TPM has been seen pre-
viously in measurements made at 0.1− 5 Hz by DMA,8,27 at
∼ 1 MHz by RUS,5,6,40 and at 5− 10 MHz using pulse-echo
ultrasonics.44,45 The same loss peak was also observed in in-
verted pendulum experiments.48 In Ni50+xMn25−xGa25 with
low values of x, at least, the transition is second order in char-
acter and the occurrence of the peak always at TPM suggests
that the loss mechanism is due to critical slowing down of
fluctuations in the order parameter QS.
The austenite – NMmartensite transition is first order so the
loss mechanism is most likely related to the mobility under ap-
plied stress of interfaces between the transforming phases. A
steep loss peak is typically observed also at the first order pre-
martensite – 5M/7M transition,8,27 which is again most likely
due to mobility of interfaces between coexisting phases. In
the case of Ni50Mn25Ga25 the temperature interval of coexis-
tence is about 40 K,49 which probably accounts for the broad
loss peak seen in the present study.
More interesting is the observed loss behavior within the
stability fields of the premartensite and martensite phases
since this relates to the mobility of ferroelastic twin walls.
Under the low stress conditions of an RUS experiment, Q−1
remains relatively high below TM at compositions which fall
within all four alloy groups,47 i.e. for both 5M/7M and NM
martensites, but reduces to low values in the stability field
of the premartensite 3M phase.5,6,40 This is also seen in our
study. The same has been reported in some,8 but not all DMA
measurements,27 and in pulse-echo ultrasonic results.45 The
most likely explanation of the difference is that shear strains
are also very much smaller in the premartensite structure than
in the 5M/7M and NMmartensites and that, as a consequence,
the changes in strain state that occur when a twin wall is dis-
placed are correspondingly much smaller. Alternatively, mo-
tion of individual twin walls might be jammed due to interac-
tions between them in the tweed microstructure.
A second, broad loss peak has been seen in the stability
fields of both 5M/7M martensite8,9 and premartensite27 as
well as for the x= 2.5 sample in the present study, but these do
not resemble the much steeper loss peaks associated with do-
main wall freezing seen, for example, in LaAlO3.
50 The loss
parameters remain high down to the lowest measuring temper-
atures, suggesting that at least some components of the twin
walls remain mobile.
Possible mechanisms for a peak in acoustic loss at the fer-
romagnetic transition, such as at the antiferromagnetic order-
ing transition in CoF2,
51 could include critical slowing down
of fluctuations of the magnetic order parameter coupled with
phonons. However, any increase in Q−1 at TC of the polycrys-
talline samples with x = 0 and 2.5 appears to be negligibly
small in the present study. Seiner et al. also found no evidence
for a loss peak in their RUS data from a slowly cooled sin-
gle crystal of Ni50Mn25Ga25,
40 but they found an increase in
Q−1 below TC when a complex microstructure of interacting
magnetic domain walls and fine scale antiphase domains was
7induced by quenching from high temperatures. This reached
a maximum at TPM, suggesting that it was related to the pre-
martensitic transition rather than simply to the ferromagnetic
ordering.
E. Order parameter coupling
As well as each of the three order parameters coupling with
strain, it is inevitable that they will couple with each other, ei-
ther directly or via the common strain. Direct coupling terms
allowed by symmetry include λ QEQ
2
S, λ QEQ
2
M and λ Q
2
MQ
2
S.
Biquadratic coupling is always allowed and can lead to se-
quences of structural states involving only one order parame-
ter or both in standard patterns.52 The consequences of linear-
quadratic coupling have only been recently considered in gen-
eral terms,53 and the predicted structural sequences match as-
pects of the relationships between structures in Fig. 1. In par-
ticular, for TPM > TM, the expected sequence would be a sec-
ond order transition to a state with QS 6= 0, QE = 0 followed
by a first order transition to a state with QS 6= 0, QE 6= 0. For
TPM < TM, a single phase transition to a state with QS 6= 0,
QE 6= 0 is expected because QE acts as a field for QS. This is
exactly the change seen as TPM and TM converge with increas-
ing x, and the same arguments apply to the convergence of TC
and TM.
V. CONCLUSIONS
Combined elasticity and magnetic susceptibility measure-
ments from a set of representative samples belonging to the
series Ni50+xMn25−xGa25 (x = 0, 2.5, 5.0, and 7.5) have pro-
vided a coherent picture of the consequences of strain cou-
pling effects associated with the particular combination of in-
stabilities that is commonly observed in Heusler alloys. These
produce characteristic precursor softening ofC11−C12 over a
wide temperature interval due to bilinear coupling of et with
the electronic order parameter (λ etQE , pseudoproper ferroe-
lastic behavior), stepwise softening below TM due to linear-
quadratic coupling of both et and e6 with the order parameter
for the structural transition driven by the soft mode (λ etQ
2
S,
λ e6Q
2
S, improper ferroelastic behavior) and biquadratic cou-
pling of et and e4 with the ferromagnetic order parameter
(λ e2t Q
2
M , λ e
2
4Q
2
M). The strength of coupling is very sub-
stantially greatest for coupling of et with QE , giving rise to
the large shear strains typical of martensitic phase transitions.
Coupling of these three order parameters can account for the
topology of the phase diagram, as well as for the particular
structure types which are observed in Ni-Mn-Ga alloys. Un-
der the low stress and high frequency conditions of an RUS
experiments, acoustic losses occur below TM down to the low-
est temperatures at which measurements were made. These
have been assumed to relate to mobility of some component
of the ferroelastic twin walls, without any indication that they
become frozen or pinned.
Appendix A: SYMMETRY BREAKING SHEAR STRAINS
The magnitudes of symmetry breaking shear strains ac-
companying the premartensite and martensite transitions can
be determined from lattice parameter data using the expres-
sions set out in Table II. Representative values of et and
e6 calculated from lattice parameters given by Ref. 31 for
the 7M structure of Ni50Mn25Ga25 at 20 K, are -0.076 and
0.007 respectively. The value of et for a tetragonal non-
modulated structure calculated from the lattice parameters of
Ni54.5Mn21.5Ga24 at room temperature
48 is 0.217. By way
of contrast, the premartensite 3M structure has much smaller
shear strains, et = −0.007, e6 = 0.002, as calculated in a re-
lated manner using lattice parameters given by Ref. 54 for
Ni50Mn25Ga25 at 250 K.
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8TABLE II. Expressions used to estimate tetragonal and orthorhombic shear strains, et and e6, in terms of lattice parameters for commensurate
7M, 3M and NM structures. The 3M structure is actually incommensurate so, in practice, the commensurate repeat distance for b is taken from
the pseudocubic lattice parameters of the orthorhombic structure. Reference axes, X ,Y and Z have been taken as parallel to the crystallographic
axes of the parent cubic structure which has lattice parameter a0.
7M 3M NM
e1+e2 =
√
2a−ao
ao
+
(
√
2/7)b−ao
ao
e1+e2 =
√
2a−ao
ao
+
(
√
2/3)b−ao
ao
e1 = e2 =
√
2a−ao
ao
e3 =
c−ao
ao
e3 =
c−ao
ao
e3 =
c−ao
ao
et =
1√
3
(2e3−e1−e2) et = 1√3 (2e3−e1−e2) et =
1√
3
(2e3−e1−e2)
e6 =
(
√
2/7)b−ao
ao
−
√
2a−ao
ao
e6 =
(
√
2/3)b−ao
ao
−
√
2a−ao
ao
e6 = 0
ao ≈
(
2
7abc
)1/3
ao ≈
(
2
3abc
)1/3
ao ≈ (2abc)1/3
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